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Studies on the role of dopamine in the degeneration of S-HT
nerve endings in the brain of Dark Agouti rats following
3,4-methylenedioxymethamphetamine (MDMA or ‘ecstasy’)
administration
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1 We investigated whether dopamine plays a role in the neurodegeneration of 5-hydroxytryptamine
(5-HT) nerve endings occurring in Dark Agouti rat brain after 3,4-methylenedioxymethamphetamine
(MDMA or ‘ecstasy’) administration.

2 Haloperidol (2 mg kg™' i.p.) injected 5 min prior and 55 min post MDMA (15 mg kg™' i.p.)
abolished the acute MDMA-induced hyperthermia and attenuated the neurotoxic loss of 5-HT 7
days later. When the rectal temperature of MDMA + haloperidol treated rats was kept elevated, this
protective effect was marginal.

3 MDMA (15 mg kg~") increased the dopamine concentration in the dialysate from a striatal
microdialysis probe by 800%. L-DOPA (25 mg kg™' i.p., plus benserazide, 6.25 mg kg™' i.p.)
injected 2 h after MDMA (15 mg kg~") enhanced the increase in dopamine in the dialysate, but
subsequent neurodegeneration was unaltered. L-DOPA (25 mg kg~') injected before a sub-toxic
dose of MDMA (5 mg kg~') failed to induce neurodegeneration.

4 The MDMA-induced increase in free radical formation in the hippocampus (indicated by
increased 2,3- and 2,5-dihydroxybenzoic acid in a microdialysis probe perfused with salicylic acid)
was unaltered by L-DOPA.

5 The neuroprotective drug clomethiazole (50 mg kg~' i.p.) did not influence the MDM A-induced
increase in extracellular dopamine.

6 These data suggest that previous observations on the protective effect of haloperidol and
potentiating effect of L-DOPA on MDMA-induced neurodegeneration may have resulted from
effects on MDMA-induced hyperthermia.

7 The increased extracellular dopamine concentration following MDMA may result from effects of
MDMA on dopamine re-uptake, monoamine oxidase and 5-HT release rather than an
‘amphetamine-like’ action on dopamine release, thus explaining why the drug does not induce

Al rights reserved 0007-1188/99 $12.00
http://www.stockton-press.co.uk/bjp

degeneration of dopamine nerve endings.
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Introduction

The commonly misused recreational drug 3,4-methylenedioxy-
methamphetamine (MDMA or ‘ecstasy’) has two well
established phases of action in experimental animals. The
acute phase consists of a rapid release of 5-hydroxytryptamine
(5-HT) from neuronal stores, thereby producing many of the
acute behavioural changes, including behavioural excitation
and hyperthermia, that are seen in both experimental animals
and humans (see reviews of White et al., 1996; Green et al.,
1995; Steele et al., 1994).

The second action of MDMA in the brain of experimental
animals is to produce a long lasting neurotoxic loss of 5-HT
nerve terminals in several areas of the brain, an effect
demonstrated both histologically (O’Hearn er al., 1988;
Molliver et al., 1990) and biochemically (Battaglia et al.,
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1987; Sharkey et al., 1991; Hewitt & Green, 1994). The
mechanisms involved in producing this neurodegeneration are
not fully understood at present, but recent data have given
substantial evidence to support the contention that increased
free radical production is involved (see Colado et al., 1997b).

Studies on both the pharmacology of MDMA and putative
neuroprotective agents have also indicated a role for dopamine
in the neurodegenerative process. For example Stone et al.,
(1988) proposed a role for dopamine based on their studies
which showed that the long term depletion of cerebral 5-HT
which follows administration of MDMA was attenuated by
the dopamine synthesis inhibitor «-methyl p-tyrosine or the
monoamine depletor reserpine. Schmidt ez al. (1990b) reported
that injection into the striatum of the selective dopamine
neurotoxin 6-hydroxydopamine (6-OHDA) blocked the
neurotoxic effects of MDMA on 5-HT neurones not only in
the striatum but also other forebrain regions such as the
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hippocampus and cortex. In addition Stone et al. (1988)
reported that the dopamine uptake inhibitor GBR 12909 was
neuroprotective. Finally, both Schmidt er al. (1990b) and
Hewitt & Green (1994) have shown that acute administration
of the dopamine antagonist haloperidol together with MDMA
provides effective protection against neurotoxic damage. It is
acknowledged that none of these studies demonstrate
authoritatively the involvement of dopamine in the MDMA-
induced neurodegeneration because none of the compounds
used in these investigations (haloperidol, 6-OHDA, a-methyl
p-tyrosine) selectively alter dopamine function. Nevertheless,
when taken with other evidence (see below) that MDMA
administration alters dopamine biochemistry in the brain, the
interpretation that dopamine was involved in the mechanisms
by which MDMA causes neurodegeneration of 5-HT nerve
terminals appeared plausable.

Whilst MDMA has generally been reported to not produce
neurotoxic degeneration of dopamine neurones (Stone et al.,
1986; Schmidt, 1987; Schmidt & Kehne, 1990; Colado et al.,
1997a, b), both in vitro and in vivo studies have found that
MDMA enhances dopamine efflux from cerebral tissue. For
example MDMA increases release of [PH]-dopamine from
striatal slices (Johnson et al., 1986; Schmidt ez al., 1987) and
the drug has also been reported to inhibit [PH]-dopamine
uptake into striatal synaptosomes (Steele et al., 1987). Use of in
vivo voltammetry (Yamamoto & Spanos, 1988) and in vivo
microdialysis (Hiramatsu & Cho, 1990; Nash, 1990; Nash &
Brodkin, 1991) has demonstrated that MDMA increases
dopamine release and these results are supported by the
observation that MDMA produces an acute increase in striatal
dopamine content and a decrease in the dihydroxyphenylacetic
acid (DOPAC) content (Schmidt et al., 1986; Johnson et al.,
1991; Colado & Green 1994).

These data led us to suggest that the reason that drugs
which enhanced GABA function such as pentobarbitone
(Colado & Green, 1994) and clomethiazole (Colado et al.,
1993) were neuroprotective was because their administration
resulted in an inhibition of dopamine release (Colado & Green,
1994; Green et al., 1995). Recently however it has been
apparent that some re-evaluation is necessary of reports on the
neuroprotective action of various compounds. This is because
it is now clear that some drugs attenuate damage solely
because they either induce hypothermia (Farfel & Seiden,
1995a, b; Malberg et al., 1996) or merely prevent the MDMA -
induced hyperthermia (Colado et al., 1998b). In particular the
report that a-methyl p-tyrosine is neuroprotective because of
its hypothermic effect (Malberg et al., 1996) and our recent
observation that pentobarbitone is not protective when the
animals are kept warm (Colado et al., 1998a) has encouraged
us both to re-examine our earlier data on haloperidol and also
to try and clarify further the possible role of dopamine in the
neurodegenerative changes which follow MDMA administra-
tion.

Methods

Animals, drugs and reagents

Adult male Dark Agouti rats (Interfauna, Barcelona, Spain)
weighing 150—170 g were used. They were housed in groups of
five, in conditions of constant temperature (21°C+2°C) and a
12 h light/dark cycle (lights on: 07 h 00 min) and given free
access to food and water.

The following drugs were used: (+) 3,4-methylenedioxy-
methamphetamine HCl (Ministry of Health, Spain), clo-

methiazole edisylate (Astra Arcus, Sodertilje, Sweden),
haloperidol (Sigma-Aldrich Quimica S.A., Spain), L-3,4-
dihydroxyphenylalanine methyl esther (Methyl L-DOPA,
Sigma-Aldrich Quimica S.A., Spain) and benserazide (Sigma-
Aldrich Quimica S.A., Spain).

In all the experiments using L-DOPA, the dose of L-DOPA
was preceded 1 min earlier by an injection of benserazide, a
peripheral DOPA decarboxylase inhibitor, at a dose of
6.25 mg kg~ ' i.p. in order to avoid the peripheral metabolism
of L-DOPA.

All compounds except haloperidol were dissolved in 0.9%
w/v NaCl (saline). Haloperidol was suspended in peanut oil.
Control animals were injected with the appropriate vehicle. All
drugs were injected i.p. in a volume of 1 ml kg~'. Doses are
always quoted in terms of the base.

Measurement of rectal temperature

Temperature was measured by use of a digital readout
thermocouple (Type K thermometer, Portec, U.K.) with a
resolution of +0.1°C and accuracy of +0.2°C attached to a
CAC-005 Rodent Sensor which was inserted 2.5 cm into the
rectum, the rat being lightly restrained by holding in the hand.
A steady readout was obtained within 10 s of probe insertion.

Elevation of body temperature with a homeothermic
blanket

In one experiment rats were injected with MDMA +
haloperidol and had their rectal temperature kept elevated to
near that seen in rats given MDMA alone. This was achieved
by placing the rats in a cage with a Harvard Homeothermic
Blanket (Model 50-7087) covering the base.

Measurement of monoamines and their metabolites in
cerebral tissue

Rats were killed by cervical dislocation and decapitation, the
brains rapidly removed and cortex, hippocampus and striatum
dissected out on ice. Tissue was homogenized and 5-
hydroxytryptamine (5-HT), 5-hydroxyindoleacetic acid (5-
HIAA), dopamine, homovanillic acid (HVA) and 34-
dihydroxyphenylacetic acid (DOPAC) measured by high
performance liquid chromatography (h.p.l.c.). Briefly, the
mobile phase consisted of: KH,PO, 0.05 M, octanesulphonic
acid 0.16 mMm, EDTA 0.1 mM and methanol (16%), and was
adjusted to pH 3 with phosphoric acid, filtered and degassed.
The flow rate was 1 ml min~' and the working electrode
potential was set at 0.85 V.

The h.p.l.c. system consisted of a pump (Waters 510) linked
to an automatic sample injector (Loop 200 ul, Waters 712
WISP), a stainless steel reversed-phase column (Spherisorb
ODS2, 5 um, 150x4.6 mm) with a precolumn and an
amperometric detector (Waters M460). The current produced
was monitored by using an integrator (Waters M745).

[?H ]-Paroxetine binding in tissue homogenates

[*H]-Paroxetine binding was measured by the method
described in detail by Hewitt & Green (1994). The animals
were killed, the brain rapidly removed and dissected on ice
within 2 min. Tissue from individual animals was homo-
genized in ice-cold Tris-HCI (50 mM; pH 7.4) containing (in
mM): NaCl 120 and KCl 5, using an Ultra-Turrax. The
homogenate was centrifuged at 30,000 x g for 10 min at 4°C.
The supernatant was discarded and the wash procedure
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repeated twice more. The pellet was finally resuspended in the
Tris buffer at a concentration of 10 mg tissue ml~". In order to
obtain an estimate of the maximal density of [*H]-paroxetine-
labelled 5-HT uptake sites the assay solution (1 ml) contained
a saturating concentration of [*H]-paroxetine (1 nM) and
800 pl tissue preparation with the addition of 5-HT (100 pm)
for determination of non specific binding. Incubation was for
60 min at room temperature. Assays were terminated by rapid
filtration and counting of the radioactivity by scintillation
spectrometry. Protein concentrations were measured by the
method of Lowry et al. (1951).

Implantation of microdialysis probe in the striatum

Rats were anaesthetized with sodium pentobarbitone (Euta-
Lender, 40 mg kg~' i.p.) and secured in a Kopf stereotaxic
frame with the tooth bar at —3.3 mm below the interaural
zero. The dialysis probe (3.5 mm x 200 um: Cuprophan) was
implanted in the right striatum + 7.9 mm from the interaural
line, —2.5 mm lateral and —8 mm below the surface of the
brain (Konig & Klippel, 1963). Probes were secured to the
skull as described by Baldwin et al. (1994).

Measurement of dopamine and their metabolites in the
striatal dialysate

Twenty-four hours after implantation, probes were perfused
with artificial cerebrospinal fluid (in mm): KCI 2.5, NaCl 125,
MgCl,.6H,0 1.18, CaCl,.2H,0O 1.26, at a rate of 1 ul min—'
and samples collected from the freely moving animals at
30 min intervals in tubes containing 5 ul of a solution
composed of HCIO, (0.01 M), cysteine (0.2%) and sodium
metabisulphite (0.2%). The first 60 min sample was discarded
and the next three 30 min baseline samples collected.

Dopamine, DOPAC and HVA were measured in the
dialysate by h.p.l.c. and electrochemical detection. The mobile
phase consisted of KH,PO, (0.05 M), octanesulphonic acid
(1 mm), EDTA (0.1 mM) and methanol (14%), and was
adjusted to pH 3 with phosphoric acid, filtered and degassed.
The flow rate was 1 ml min~"'. The h.p.l.c. system consisted of
a pump (Waters 510) linked to manual sample injector (Loop
20 ul Rheodyne), a stainless steel reversed-phase column
(Spherisorb ODS2, 5 um, 150 x4.6 mm) with a precolumn
and a coulometric detector (Coulochem 5100A) with a 5011
analytical cell. The working electrode potential was set at
400 mV with 500 nA gain. The current produced was
monitored by using a computer data handling system
(AXXIOM 747).

The limit of the sensitivity of these assays was
approximately 8 pg (dopamine), 30 pg (DOPAC) and 125 pg
(HVA). The per cent recovery of a solution containing
dopamine (1 pg ul='), DOPAC (100 pg ul=') and HVA
(150 pg pI™")  was 26.54+55% (n=4) for dopamine,
2584+ 1.7% (n=4) for DOPAC and 28.0+1.4% (n=4) for
HVA. The percentage of recovery is maintained constant for
the following ranges of concentrations in the external
medium:  dopamine 1-27 pgul~!, DOPAC 100-
2700 pg ul=', and HVA 150-4050 pg ul='. These ranges
were comparable to the amounts of dopamine and
metabolites recovered from the brain in vivo.

Implantation of microdialysis probe in the hippocampus
Rats were anaesthetized with sodium pentobarbitone

(‘Euta-Lender’, 40 mg kg=' i.p.) and secured in a Kopf
stereotaxic frame with the tooth bar at —3.3 mm below

the interaural zero. The dialysis probe (3.5 mm x200 pum:
Cuprophan) was implanted in the right hippocampus
+2.2 mm from the interaural line, —4.3 mm lateral and
—8 mm below the surface of the brain (Koénig & Klippel,
1963). Probes were secured to the skull as described by
Baldwin er al. (1994).

Measurement of free radical formation in vivo using
microdialysis

Free radical formation in the brain in vivo was determined
by the method recently described in detail by Colado et al.
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Figure 1 Effect of haloperidol (Hal) on MDMA-induced hyperther-
mia. (a) Rectal temperature of rats injected with saline or MDMA
(15mg kg~! i.p.) at time zero and rats injected with haloperidol
(2 mg kg~ 'ip.) at —5min and + 55 min and treated with MDMA
at time zero. There was no difference in the basal temperature of the
groups. MDMA produced a significant rise in body temperature
(F(1,10)=19.89, P<0.01) compared with the saline injected group.
Administration of haloperidol to MDMA-treated rats prevented the
MDMA-induced hyperthermia (F(1,11)=27.16, P<0.001). (b) Effect
of haloperidol on MDMA-induced hyperthermia when rats injected
with haloperidol+ MDMA were kept at high ambient temperature.
Temperature of rats given haloperidol and saline is also shown. There
was no difference in basal temperature of the groups. Using the
homeothermic blanket, the rectal temperature of the haloperi-
dol+ MDMA-treated rats was significantly higher than that of the
saline group (F(1,10)=141.69, P<0.001). All results shown as
means +s.e.mean of n=4-6 rats.
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(1997b). The method relies on the fact that hydroxyl free
radicals react with salicylic acid to generate 2,3- and 2,5-
dihydroxybenzoic acids (2,3-DHBA and 2,5-DHBA) and this
reaction is utilized by measuring the formation of 2,3- and
2,5-DHBA in the dialysate of a microdialysis probe
implanted in the hippocampus (see above) and which is
being perfused with salicylic acid (see Chieuh ef al., 1992;
Giovanni et al., 1995). Twenty-four hours after implanta-
tion, probes were perfused with artificial cerebrospinal fluid
(in mMm): KCl 2.5, NaCl 125, MgCl,.6H,O 1.18, CaCl,.2H,O
1.26, containing salicylic acid (0.5 mM) at a rate of
1 ul min~! and samples collected from the freely moving
animals at 30 min intervals. The first 60 min sample was
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discarded and the next three 30 min baseline samples
collected.

The two compounds 2,3-DHBA and 2,5-DHBA were
measured by h.p.l.c. and electrochemical detection. The
mobile phase consisted of KH,PO, (0.025 M), acetonitrile
(20%) and methanol (10%) and was adjusted to pH 3.7 with
phosphoric acid, filtered and degassed. The flow rate was
1 ml min™".

The h.p.l.c. system consisted of a pump (Waters 510) linked
to manual sample injector (Loop 20 ul Rheodyne), a stainless
steel reversed-phase column (250 x 4.6 mm, 5 ym C8 Ultra-
carb, Phenomenex) with a precolumn (30 x4.60 mm, 5 um C8
Ultracarb, Phenomenex) and a coulometric detector (Coulo-
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Figure 2 Indole concentrations in (a) hippocampus, (b) cortex and (c) striatum and (d) density of *H-paroxetine labelled 5-HT
uptake sites in cortex 7 days following saline or haloperidol (Hal, 2 mg kg~' i.p.) 5 min before and 55 min after MDMA
(15 mg kg~ ' i.p.). Results shown as means+s.e.mean, n=4—7. Different from saline-treated: *P <0.05, **P <0.01. Different from

MDMA-treated: AP<0.05, AAP<0.01.
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chem 5100A) with a 5011 analytical cell. The working electrode
potential was set at 400 mV with 1 yA gain. The current
produced was monitored by using a computer data handling
system (AXXIOM 747).

Statistics

Statistical analyses of the microdialysis experiments were
performed using the statistical computer package BMDP/386
Dynamic (BMDP Statistical Solutions, Cork, Eire). Data were
analysed by analysis of variance (ANOVA) with repeated
measures (program 2 V) or, where missing values occurred, an
unbalanced repeated measure model (program 5 V) was used.
Both used treatment as the between subjects factor and time as
the repeated measure. ANOVA was performed on both pre-
treatment and post-treatment data. Temperature data were also
analysed by ANOVA with repeated measures. Data from
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monoamine and [*H]-paroxetine binding experiments were
analysed by the Newman-Keuls test.

Results

The effect of haloperidol on rectal temperature of
MDM A-treated rats kept at normal ambient
temperature

Administration of MDMA (15 mg kg~ i.p.) produced a clear
and sustained hyperthermia (Figure la). In contrast, when
haloperidol (2 mg kg~ i.p.) was injected 5 min before and
55 min after the MDMA injection the hyperthermic response
was totally abolished (Figure 1a). Administration of haloper-
idol (2 mg kg~' i.p.) alone had no effect on rectal temperature
(Figure 1b).
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Figure 3 Indole concentrations in (a) hippocampus, (b) cortex and (c) striatum and (d) density of *H-paroxetine labelled 5-HT
uptake sites in cortex 7 days following saline or haloperidol (Hal, 2 mg kg ~' i.p.) 5 min before and 55 min after saline or MDMA
(15 mg kg~ ' i.p.). The MDMA + haloperidol group was kept at high ambient temperature during the 6 h after the first haloperidol
injection. Results shown as means+s.e.mean, n=4-6. Different from saline-treated: *P <0.05, **P <0.01. Different from MDMA-

treated: AP<0.05.
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The effect of haloperidol on the cerebral monoamine
content and [*H |-paroxetine binding in MDM A-treated
rats kept at normal ambient temperature

MDMA (15 mg kg™' i.p.) administration produced a sub-
stantial loss in 5-HT and 5-HIAA concentration in the three
brain areas examined and also in [*H]-paroxetine binding
values in the cortex (Figure 2) 7 days later. Haloperidol
administration provided significant protection against this
neurotoxic degeneration (Figure 2).

The effect of haloperidol on rectal temperature of
MDM A-treated rats kept at high ambient temperature

The experiment above was repeated except that the rats which
were injected with both MDMA and haloperidol were kept at
high ambient temperature (see Methods) in order to prevent
the decrease in rectal temperature that occurred when this
group was kept at normal ambient temperature. This aim was
achieved (Figure 1b).

The effect of haloperidol on the cerebral monoamine
content and [*H |-paroxetine binding in MDM A-treated
rats kept at high ambient temperature

Administration of MDMA (15 mg kg~ 'i.p.) again produced a
substantial loss in 5-HT and 5-HIAA concentration and [*H]-
paroxetine binding in the brain 7 days later (Figure 3).
However little or no protection was seen in the group given
haloperidol plus MDMA when the temperature of the rats had
been kept elevated to match the temperature seen in the rats
given only MDMA (Figure 3).

Effect of L-DOPA on rectal temperature of MDM A
treated rats

Administration of L-DOPA (25 mg kg~'+ benserazide
6.25 mg kg~ ") had no effect on rectal temperature (Figure 4).
However, when this dose was administrated 2 h after MDMA
(15 mg kg™") it extended the duration of the major MDMA-
induced hyperthermia (Figure 4). Higher doses of L-DOPA or
administering this dose of the compound at the same time as
MDMA resulted in death of the animals, apparently as the
result of severe hyperthermia so such protocols could not be
investigated further.

Effect of MDMA and L-DOPA on dopamine metabolism

Injection of MDMA (15 mg kg=") produced a rapid and
substantial increase in extracellular dopamine in the
striatum, as measured by microdialysis (Figure 5a). This
peak was followed by a sustained decrease in both HVA and
DOPAC, the decrease in the latter starting earlier than that
of HVA (1 h after MDMA, the DOPAC and HVA levels
compared to basal values were 23+2% and 60+3%,
respectively, P<0.01) (Figure 5b and c). Injection of L-
DOPA (25 mg kg~'+ benserazide 6.25 mg kg~!) alone pro-
duced no change in the concentration of dopamine in the
dialysate, but did produce a sustained and large increase in
both HVA and DOPAC (Figure 5b and c). When L-DOPA
was injected 2 h after MDMA it did produce a clear
increase in dopamine, thereby enhancing the size of the total
dopamine response (Figure 5a). A prolonged increase in
both HVA and DOPAC was also seen, thereby reversing the
MDMA-induced decrease in the concentration of these two
metabolites (Figure 5b and c).
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Figure 4 Rectal temperature of rats receiving L-DOPA (25 mg kg
i.p.+ benserazide 6.25 mg kg~ ' i.p.) 2 h after MDMA (15 mg kg~'
i.p.) or saline. Also shown are the rectal temperature of animals
injected with saline instead of L-DOPA and administered 2 h before
saline or MDMA. There was no difference in the basal temperature
of the groups. MDMA produced a significant rise in body
temperature (F(1,9)=129.36, P<0.001) compared with the saline
injected group. Administration of L-DOPA to MDMA-treated rats
produced a prolongation of the hyperthermic response induced by
MDMA (F(1,11)=4.12, P<0.05).
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Effect of MDMA and L-DOPA on free radical
formation in the brain

In confirmation of previous findings (see Discussion) MDMA
injection increased the concentration of 2,3- and 2,5-DHBA in
the dialysate from a microdialysis probe implanted in the
hippocampus and perfused with salicylic acid (Figure 6). L-
DOPA (25 mg kg~ 'i.p. + benserazide 6.25 mg kg~ 'i.p.) alone
did not produced significant changes in the concentration of
2,3 DHBA or 2,5 DHBA (Figure 6). The increase in formation
of 2,3- and 2,5-DHBA resulting from MDMA injection was
unaltered by an injection of L-DOPA (25 mg kg~") 2 h later
(Figure 6).

The effect of L-DOPA on M DM A-induced degeneration
of 5-HT neurones

A single injection of MDMA (15 mg kg™') resulted in a major
loss of 5-HT and 5-HIAA in the hippocampus, cortex and
striatum 7 days later and a similar loss of [*H]-paroxetine
binding in the cortex (Figure 7). The degenerative loss of 5-HT
was similar in rats injected with MDMA and those given
MDMA plus L-DOPA, while L-DOPA alone was without
effect on the concentration of either the indole concentration
or [*H]-paroxetine binding in the brain (Figure 7). MDMA
injection either alone or with L-DOPA also had no effect on
the concentration of dopamine or DOPAC in the striatum 7
days later (Table 1).

Effect of low dose MDMA and L-DOPA on rectal
temperature, dopamine metabolism and subsequent
neurotoxicity of cerebral 5-HT neurones

Rats were injected with L-DOPA (25 mg kg~ '+ benserazide
6.25 mg kg=') followed 30 min later with a sub-neurotoxic
dose of MDMA (5 mg kg~!) to examine whether pretreatment
with the amino acid would result in MDMA now producing
toxicity. Pretreatment with L-DOPA did not enhance the
hyperthermic effect of MDMA (Figure 8). Although L-DOPA
did not enhance the MDMA-induced increase in dopamine in
the striatal dialysate, it induced marked increases in both HVA
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Figure 5 Changes in the levels of (a) dopamine (DA), (b)
homovanillic acid (HVA) and (c¢) 3.4-dihydroxyphenylacetic acid
(DOPAC) in the striatal dialysate of rats treated with L-DOPA
(25 mg kg~ ' i.p.+ benserazide 6.25 mg kg~ ! i.p.) or saline 2 h after
MDMA (15 mg kg=! i.p.). MDMA produced an increase in the
content of DA (F(1,9)=74.34, P<0.001) and a decrease in the levels
of HVA (F(1,9)=81.07, P<0.001) and DOPAC (F(1,9)=52.61,
P<0.001). Administration of L-DOPA enhanced the effect of
MDMA on extracellular dopamine (F(1,10)=9.57, P<0.001) and
reversed the MDMA-induced decrease in HVA (F(1,10)=66.72,
P<0.001) and DOPAC (F(1,10)=43.10, P<0.001). L-DOPA, when
given alone, increased the extracellular levels of HVA
(F(1,10)=27.30, P<0.001) and DOPAC (F(1,10)=24.54, P<0.001).
Values are expressed as a percentage of the mean of three
measurements before drug administration. Each value is the means
+s.e.mean of 5—7 experiments. The basal concentrations in saline-

and DOPAC in place of the decrease in the concentration of
these metabolites produced by MDMA alone (Figure 9). The
low dose of MDMA did not result in neurodegeneration
occurring 7 days later, nor did the pretreatment with L-DOPA
result in this dose of MDMA producing neurodegeneration
(Figure 10).

Effect of clomethiazole on the M DM A-induced change in
dopamine metabolism in vivo

The increase in dopamine and decrease in HVA and DOPAC
induced by MDMA (15 mg kg~') was totally unaltered by
administration of clomethiazole (50 mg kg~') 5 min prior and
55 min post MDMA injection (Figure 11).
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Figure 6 Changes in the levels of (a) 2,3 dihydroxybenzoic acid
(DHBA) and (b) 2,5 DHBA in the hippocampal dialysate of rats
treated with L-DOPA (25 mg kg~ i.p. + benserazide 6.25 mg kg ™!
i.p.) or saline 2 h after MDMA (15 mg kg~ i.p.). MDMA increased
the extracellular levels of 2,3 DHBA (F(1,11)=10.34, P<0.001) and
2,5 DHBA (F(1,11)=4.66, P<0.05). This effect was not modified by
L-DOPA injection 2 h after MDMA. L-DOPA, when given to saline-
treated rats did not significantly modify the extracellular levels of 2,3
DHBA or 2,5 DHBA. Values are expressed as a percentage of the
mean of three measurements before drug administration. Each value
is the means+s.e. mean of 6—10 experiments. The basal concentra-
tions in  saline-treated rats (rn=6) were: 2,3 DHBA
(10.1+1.1 pg pl~") and 2,5 DHBA (11.6+1.22 pg ul ™).

treated rats were: DA (0.83+15 pg ul~Y), HVA (246416 pg ul™ ')
and DOPAC (252+23 pg ul ™).
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Table 1 The concentration of dopamine and DOPAC in
striatum 7 days after injection of MDMA (15 mg kg~ ' i.p.)
followed 2h later by L-DOPA (25 mg kg~ ! i.p.)

Catechol concentration
(ng g~ ! tissue)

Ist injection  2nd injection n Dopamine DOPAC
Saline Saline 5 61104423 1588 +212
MDMA Saline 5 6200+204 1600 +78
MDMA L-DOPA 8 67714310 1403 +137
Saline L-DOPA S 6495+ 170 1662+ 142

Results shown as means+s.e.mean. No significant differ-
ences in tissue concentrations of the catechols were found
between experimental groups.

Discussion

Both Schmidt et al. (1990b) and Hewitt & Green (1994) have
reported that administration of haloperidol concurrently with
MDMA attenuates the neurodegeneration of 5-HT terminals
in the brain produced by this neurotoxic amphetamine and this
observation was confirmed by the current study. Schmidt et al.
(1990b) did not measure body temperature but Hewitt &
Green (1994) observed that the combination of haloperidol
and MDMA, whilst not producing hypothermia, did markedly
attenuate the hyperthermia normally produced by the drug, an
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Figure 8 Rectal temperature of rats receiving L-DOPA (25 mg kg~!

i.p.+benserazide 6.25mgkg™' ip.) 30min before MDMA
(5mg kg~ ! i.p.). Also shown are the rectal temperature of animals
injected with saline instead of L-DOPA and administered saline or
MDMA 30 min later. There was no difference in the basal
temperature of the groups. MDMA produced a rise in body
temperature (F(1,10)=7.15, P<0.05). Pretreatment with L-DOPA
did not alter the hyperthermic response induced by MDMA.

observation also confirmed by the present study. We therefore
repeated the experiment on the neuroprotective effect of
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haloperidol but used a homeothermic blanket, thereby keeping
the rectal temperature of the animals elevated to a similar level
to that seen in the group given only MDMA (Figure 1). The

(@)
1000,

800 —-MDMA
& L-DOPA+MDMA

600

400

2004

DA (% of baseline)

(b)
225,

1504

754

HVA (% of baseline)

0 1 2 3 4
R Time (h)

o+
s,
-~

()
150,

125
1004
751
504

254

DOPAC (% of baseline)

12 3 4 5
Time (h)

(o)
-7

Y

Figure 9 Changes in the levels of (a) dopamine (DA), (b)
homovanillic acid (HVA) and (c¢) 3.4-dihydroxyphenylacetic acid
(DOPAC) in the striatal dialysate of rats treated with L-DOPA
(25 mg kg™' i.p.+benserazide 6.25 mgkg~' ip.) 30 min before
MDMA (5mgkg™" ip.). .-DOPA did not modify the effect of
MDMA on extracellular dopamine (F(1,8)=0.0908, n.s.) but reversed
the MDMA-induced decrease in HVA (F(1,9)=47.82, P<0.001) and
DOPAC (F(1,10)=20.55, P<0.001). Values are expressed as a
percentage of the mean of two measurements before drug
administration. Each value is the means+s.e. mean of 4-6
experiments.

protective effect of haloperidol in this hyperthermic group was
marginal. These data support the findings in our other recent
investigations (Colado et al., 1998a, b) which have indicated
strongly that drugs can provide substantial neuroprotection
not only by producing hypothermia as has previously been
demonstrated by others (Farfel & Seiden 1995a, b; Malberg et
al., 1996; Colado et al., 1998a) but also by merely preventing
the MDMA-induced hyperthermia (Colado et al., 1998b).
Haloperidol therefore can be concluded to be protective
because of its effect on temperature and not because of a
selective neuroprotective mechanism.

This finding in turn raised the question as to the validity of
earlier proposals that dopamine plays a key role in the
expression of MDMA-induced neurotoxicity. Various ob-
servations have been used to support this tenet, including the
fact that MDMA alters dopamine release (Johnson et al., 1986;
Schmidt et al., 1987; Hiramatsu & Cho, 1990; Nash, 1990;
Nash & Brodkin, 1991) and the observation that L-DOPA
administration potentiates MDMA-induced damage (Schmidt
et al., 1991). We therefore re-investigated both these claims
and also investigated whether L-DOPA administration alters
the increase in free radical formation which has been shown to
follow MDMA injection (Colado et al., 1997b; 1998c¢).

With regard to the alteration of dopamine metabolism
which follows MDMA injection, both Johnson et al. (1986)
and Schmidt et al. (1987) noted that MDMA released [*H]-
dopamine from striatal slices and Steele ez al. (1987) reported
that the drug inhibited [?’H]-dopamine uptake into striatal
synaptosomes. Subsequent studies using either in vivo
voltammetry (Yamamoto & Spanos, 1988) or microdialysis
(Nash, 1990; Hiramatsu & Cho, 1990; Gough et al., 1991)
found that MDMA administration resulted in a rapid rise in
extracellular dopamine and decrease in DOPAC and HVA.
Both the size and the time course of these changes as reported
by Nash (1990) and Gough et al. (1991) were replicated in the
current study. The size of the dopamine increase and DOPAC
decrease are considerably greater than those observed in
postmortem tissue 4 h after a single injection of MDMA
(Colado & Green, 1994).

The current investigation found that following MDMA the
concentration of HVA in the dialysate was decreased in a
similar fashion to DOPAC, but that the change in the
extracellular level of HVA lagged behind the DOPAC change.
The difference in the time courses of changes in the
extracellular DOPAC and HVA levels following MDMA may
reflect the fact that HVA is a secondary metabolite of
dopamine, being predominantly derived from intraneuronally
formed DOPAC but also from the released dopamine via 3-
methoxytyramine (Westerink & Spaan, 1982). Therefore, the
delayed decrease in HVA compared to DOPAC might be due
to an initial rise in 3-methoxytyramine and its subsequent
conversion to HVA by catechol O-methyl transferase. These
data suggest that MDMA exerts two separate actions on
dopaminergic activity in vivo, one causing an increase in
dopamine release and another producing a decrease in the
intraneuronal dopamine metabolism (reflected by the extra-
cellular levels of DOPAC and HVA). These changes on
dopamine metabolites are probably the results of MDMA
blocking dopamine re-uptake (causing less dopamine to be
metabolized to DOPAC) and also by inhibiting monoamine
oxidase (MAQO). Dopamine is preferentially metabolized by
MAO-A in the rat striatum in vivo (Kato et al., 1986) and
MDMA acts as a competitive inhibitor of MAO-A activity
(Leonardi & Azmitia, 1994). An additional explanation of the
decrease in DOPAC and HVA would be a reduction in
dopamine synthesis following MDMA. However this hypoth-
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esis is unlikely since MDMA does not alter tyrosine
hydroxylase activity in the striatum (Stone et al., 1986).

The data raise a further point; that is, the nature of the
mechanism of MDMA-induced dopamine release. It has often
been assumed that the dopamine release is by a carrier-
mediated exchange mechanism as occurs with other ampheta-
mine-like drugs (Raiteri et al., 1979; Fischer & Cho, 1979; also
see McMillen, 1983). However it is worth noting that several
investigators have provided convincing evidence that 5-HT,
agonists enhance MDMA-induced dopamine release while 5-
HT, antagonists inhibit release (Nash, 1990; Schmidt ef al.,
1990a, 1994; Yamamoto et al., 1995; Gudelsky et al., 1994).
MDMA-induced 5-HT release therefore appears to play a
major role in the release of dopamine. When one adds the
known effects of MDMA on dopamine uptake inhibition
(Steele et al., 1987) and MAO inhibition (Leonardi & Azmitia,
1994) then it becomes plausible to suggest that carrier-
mediated exchange need not be a major determinant in the
increase of extracellular dopamine which follows MDMA
administration, a suggestion supported by recent in vitro
studies (Crespi et al., 1997). Further support for this proposal

i.p.). Results shown as means+s.e. mean, n=>5-8. Different from saline-treated: **P<0.01.

comes from our study on the effect of clomethiazole. This
drug, which enhances GABA, receptor activity (see Green,
1998), inhibited the increase in extracellular dopamine which
follows administration of methamphetamine, a known carrier-
mediated mechanism (McMillen, 1983). Therefore, the failure
of this drug to alter the MDMA-induced increase in
extracellular dopamine may reflect a difference in the release
mechanism between these two amphetamine derivatives. The
implications of this to the selective neurotoxic action of
MDMA are discussed later.

Interestingly the size of the increase in extracellular
dopamine in the striatum following MDMA seen in vivo was
similar in magnitude to that seen after a high dose of
methamphetamine (Baldwin et al., 1993) which raises
questions as to why the locomotor and behavioural activity
seen after MDMA administration appears to be 5-HT rather
than dopamine receptor mediated, having a different profile to
that seen after amphetamine (Callaway et al., 1990; Callaway
& Geyer, 1992). It could be that the serotonin-mediated
behaviours predominate over any dopamine-mediated effects.
While MDMA releases dopamine in both the accumbens
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(Callaway & Geyer, 1992) and striatal regions (Nash, 1990;
this paper) the accumbens is the locus for locomotor activity
following amphetamine administration (Kelly et al., 1975).
However, recent data suggest that the predominant action of
MDMA in this region may be that of inhibiting dopamine
neuronal firing (Gifford er al., 1996). Since the drug can induce
Ca®>" dependent dopamine release (Crespi et al., 1997)
dopamine mediated function would be suppressed, thereby
allowing the expression of 5-HT mediated behaviours
including the serotonin syndrome (Spanos & Yamamoto,
1989; Colado et al., 1993; Green et al., 1995).

When L-DOPA was given 2 h after MDMA we observed
that extracellular dopamine was increased above that seen in
the MDMA alone treated group for approximately 3 h and
that HVA and DOPAC concentrations also increased
markedly over a similar period. These changes presumably
reflect increased dopamine synthesis and release. Despite this
clear in vivo indication of increased dopamine release and
possibly also function, no enhancement of MDMA neurotoxi-
city was observed 7 days later. These data are in contradiction
of the report of Schmidt ez al. (1991) that MDMA-induced
neurotoxicity is enhanced by L-DOPA. While Schmidt and
colleagues used higher doses of L-DOPA these proved
impossible to administer in the current study as they proved
fatal. This is probably because of the use of the Dark Agouti
strain of rat in our study since we have previously found that
neurotoxicity occurs in these animals after much lower doses
of MDMA and p-chloroamphetamine (PCA) than are
required with other strains (see Colado et al., 1995; 1997b;
Murray et al., 1996). Nevertheless using the highest practical
dose of L-DOPA, no potentiation of MDMA-induced toxicity
was detected. We were also unable to induce neurotoxicity in
rats given a sub-toxic dose of MDMA by also administering L-
DOPA, as was also reported by Schmidt ez al. (1991).

In order to investigate further this apparent discrepancy
between our data and that of Schmidt er al. (1991) we also
examined whether L-DOPA altered MDMA-induced free
radical formation. The MDMA-induced increase in the
dialysate concentration of 2,3-and 2,5-DHBA that has
previously been reported to occur after MDMA administra-

tion (Colado et al., 1997b; 1998c) was again seen in the current
study. While the concentration of 2,5-DHBA appeared to be
increased by L-DOPA, this change was not statistically
significant. In any event, as Halliwell et al. (1991) have pointed
out, a 2,3-DHBA increase is the only reliable indicator of
increased free radical formation because of enzyme-induced
conversion of salicylate to 2,5-DHBA. Nevertheless we found
no evidence that the MDMA-induced increase in either 2,3- or
2,5-DHBA was even modestly enhanced by L-DOPA
administration. Thus one plausible explanation for the results
obtained by Schmidt ez al. (1991), namely that tissue damage
resulting from free radicals produced by MDMA metabolism
(see Colado et al., 1997b) would be further potentiated by
administration of L-DOPA, a compound that through its
metabolism to dopamine would also increase free radical
production through auto-oxidation (see Chiueh et al., 1992;
1993), could not be supported.

What does remain a possible explanation for the discrepant
findings is the degree of hyperthermia produced by addition of
L-DOPA to MDMA-treated rats. As we and others have
shown, sustained hyperthermia markedly enhances the
neurotoxic damage produced by MDMA (Colado et al.,
1998b; Broening et al., 1995) presumably because hyperther-
mia is conducive to enhancing free radical production (Kil et
al., 1996). If L-DOPA produced a sustained hyperthermia in
the strain of rats used by Schmidt ez al. (1990) rather than the
more transient effect we observed, then neurotoxic damage
would probably be increased. However, such a mechanism
does not indicate that dopamine has a core role in MDMA-
induced neurodegeneration as has been proposed by others
(Stone et al., 1988; Schmidt ez al., 1991). In this regard it is also
worth pointing out that in our current study the increase in
extracellular dopamine was almost the same whether a
neurotoxic dose of MDMA of 15 mg kg™' or a non-toxic
dose of 5 mg kg~' was given.

Finally we examined the effect of injecting clomethiazole on
MDMA-induced changes in dopamine metabolism. Previously
in an in vivo study we found that clomethiazole inhibited both
the increase in dopamine and reduction in HVA and DOPAC
which followed an injection of methamphetamine (Baldwin et
al., 1993). In contrast, clomethiazole appeared to have no
effect on MDMA-induced changes in dopamine metabolism.
This finding is perhaps suprising in the light of a report
suggesting that MDMA-induced dopamine release is regulated
by the activity of a GABAergic input into the substantia nigra
(Yamamoto et al., 1995). Clomethiazole is one of the few
compounds to have been shown unequivocally to protect
against MDMA-induced damage by a mechanism which does
not involve a reduction in body temperature (Colado et al.,
1998b). It is also a compound that has been shown to have a
powerful neuroprotective action in a wide variety of animal
models of acute ischaemic stroke (Green, 1998). These data
suggest that dopamine is not involved in the neuroprotective
effect of clomethiazole against MDM A-induced neurotoxicity.

Finally it is worth pointing out that a major conundrum is
raised by the current study. In rats, but not mice (see Laverty
& Logan 1990), MDMA produces a neurodegenerative loss of
5-HT nerve terminals, whilst sparing dopamine terminals
(Schmidt & Kehne, 1990; Colado et al., 1997a, b), a fact again
supported by the findings in this current study (see Table 1).
The question arises as to the mechanisms involved in this
selectivity. It is noteworthy that methamphetamine which also
increases extracellular 5-HT and dopamine (see for example
Baldwin et al., 1993) and also increases free radical formation
(Giovanni et al., 1995) produces neurotoxic degeneration of
both 5-HT and dopamine neurones (Gibb ef al., 1990; Green et
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al., 1992; Baldwin et al., 1993). If we are correct and the
extracellular dopamine increase does not reflect carrier-
mediated exchange then relatively little MDMA may be
entering the dopamine nerve ending and being metabolised
to the neurotoxic metabolites which are then auto-oxidised
thereby producing free radicals (see Colado et al., 1997b). This
may, in part, explain its lack of neurotoxic action on dopamine
nerve endings since it would be reasonable to assume that
MDMA would be metabolized in the same way in dopamine
and 5-HT neurones. Against this hypothesis however there is
good evidence that dopamine uptake inhibitors markedly
inhibit MDMA-induced dopamine release (Nash & Brodkin,
1991). This observation would strongly support the idea that
MDMA acts to release dopamine by a facilitated exchange
mechanism which utilises the dopamine uptake carrier
mechanism (see Raiteri et al., 1979; Fischer & Cho, 1979;
McMillen, 1983).

Another possible explanation for the selective damage
which follows MDMA is that the neurotoxic metabolites of
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